Abstract. To further our understanding of the mechanisms of sugar uptake and accumulation into grapefruit (Citrus paradisi Macf. cv. Marsh seedless), the patterns of uptake and utilisation of sucrose, glucose and fructose by Citrus juice cells was investigated. Analyses were conducted on sliced juice sacs that were incubated in radioactive [ 14 C]-sugar solutions with unlabelled sugars, in the presence or absence of metabolic inhibitors. Both hexoses demonstrated an initial uptake peak in December and a second uptake peak in February-March. From March through April the rates of sucrose uptake increased to levels comparable to those of glucose and fructose. Sucrose and its moieties fructose and glucose entered the juice cells of Citrus juice fruit by an insaturable, and mostly by an independent, process. However, NaN 3 and carbonylcyanide m-chlorophenylhydrazone (CCCP) produced slight inhibition of these processes. Cells took up hexoses at a greater rate than sucrose, with accumulation reaching a plateau by 4-8 h, and then continuing unabated, in the case of glucose, for 42 h. Uptake of all three sugars increased linearly in the range of sugar concentrations tested, which extended from 0.01 to 320 mM, denoting an insaturable system for sugar uptake. 14 CO 2 evolution was relatively low in all the experiments, the lowest evolution being recorded when the uptake of [ 14 C]-sucrose was studied, while the highest 14 CO 2 evolution was recorded when the uptake of [ 14 C]-glucose was studied. The data demonstrate a preferential utilisation of glucose over fructose and sucrose. In all the experiments, the two metabolic inhibitors significantly inhibited the decarboxylation of the three sugars.
Introduction
The mechanisms of sugar transport into storage cells are major factors determining commercial fruit quality and shelf life. In mature citrus fruits, sugar content varies between 5 and 12% on a fresh weight basis, while organic acids content varies between 0.5 and 2.0% on a fresh weight basis, depending on variety and environmental conditions (McCready et al. 1950; Sinclair 1972; Ting and Russell 1986) . Sugars, together with organic acids (mostly citrate), constitute a major element in the determination of fruit quality as expressed by the ratio of total soluble solids / acid. Despite the relatively high concentration of soluble sugars Abbreviations used: CCCP, carbonylcyanide m-chlorophenylhydrazone; DNP, dinitrophenol; PCMBS, p-chloromercuribenzene sulphonic acid; TCA, tricarboxylic acid. stored in the vacuole of juice cells (Echeverria and Valich 1988; Echeverria and Burns 1989; Garcia-Luis et al. 1991) , the less abundant organic acids have been considered as both the primary energy and the carbon source during later stages of fruit development. Murata (1977) , who studied [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-citric acid metabolism in 'Satsuma' mandarin fruit segments during storage, found that citric acid was rapidly respired as 14 CO 2 . Moreover, Popova et al. (1995) , who studied [6-14 C]-citrate conversion in leaves of maize and wheat, also reported that the main route of citrate metabolism was via the respiration cycle. This distinction between sugars and acids is also based on several other pieces of evidence demonstrating the continuous accumulation of sugars throughout fruit development and even after harvest Ismail 1987, 1990) .
Recent demonstrations of hexokinase activity associated with the external mitochondrial membrane of juice cells (Goren et al. 2000) and other tissues (Laterveer et al. 1995) , as well as the production of 14 CO 2 from externally supplied [ 14 C]-sucrose and [ 14 C]-fructose to juice sacs slices, and decarboxylation via [ 14 C]-pyruvic and [ 14 C]-citric acids (Goren et al. 2000) , led us to this investigation of the mechanisms of sugar uptake, transport, accumulation, and metabolism, and their combined relation to fruit quality in Citrus fruits. We focused on 14 C-sucrose, since it is the translocated sugar in Citrus. We also included glucose and sucrose, the labelled moieties of sucrose, in this research project.
Different mechanisms for sugar uptake into plant cells (secondary active, facilitated diffusion or combination of both) have been described and characterised (Komor 1977; Komor et al. 1981; Saftner et al. 1983; Damon et al. 1988; Goldschmidt and Koch 1996) , depending on the type of tissue (Griffith et al. 1987a, b) and the mode of uptake system investigated (Regen and Tarpley 1974; Forney and Breen 1986; Picaud et al. 2003) . In general, uptake of sugars by plant tissues or isolated protoplasts is considered an energydependent process (Komor 1977; McRae et al. 2002; Koch 2004) . Presumably, the uptake of sugars occurs either through sucrose-or hexose-specific transport systems (Miron et al. 2002) , prior to or after sucrose hydrolysis by invertase (Koch 2004) . Hydrolysis of sucrose leads to the uptake of the respective hexoses (Giaquinta et al. 1983; Cardemil and Varner 1984; McRae et al. 2002; Miron et al. 2002) by plasmalemma-bound hexose / H + transporters. In Ananas comosus (L.) Merr. it has been reported that sucrose can be transported across the tonoplast membranes without the need for a H + gradient (McRae et al. 2002) . In sugar beet taproot tissue (Wyse 1979; Wyse et al. 1986) , leaf tissue of Beta vulgaris (Maynard and Lucas 1982) and in leaf discs of Pisum sativum L. (Aked and Hall 1993), fructose and sucrose uptake is characterised by both active and passive biphasic mechanisms. In this regard, plasmalemma-bound active sucrose transporters have been clearly demonstrated (Lemoine 2000) and indirect evidence supports their existence in storage cells (Manning et al. 2001) . Furthermore, the presence of hexose transporters has been firmly established for beetroot cells (Dreyer et al. 1999) and in hexose-accumulating tomato fruits (Miron et al. 2002) , among others.
Post-phloem transport of photoassimilates into Citrus fruits is believed to occur thorough the apoplast (Koch 1984; Garcia-Luis et al. 1991) and with apparently very little sucrose inversion (Koch and Avingne 1990) . From the apoplast, sugars are transported into the juice-sac cells to support an entire array of metabolic activities and, during later stages of development, accumulation into the large central vacuole. Goren et al. (2000) showed that mature Citrus juice cells are capable of taking up sucrose and hexoses from the incubation medium, a result that further supports an apoplastic route for post-phloem transport in Citrus fruits. Interestingly, the results demonstrated a faster metabolic utilisation of fructose than sucrose in the juice-sac cells. Saftner et al. (1983) , who studied the mode of sucrose uptake into root discs of sugar beet, reported that carbonylcyanide m-chlorophenylhydrazone (CCCP), the metabolic uncoupler that increases the apparent proton conductance of membranes and reduces the electrochemical potential of H + across membranes and ATP production, inhibited active sucrose uptake. Aked and Hall (1993) demonstrated that CCCP inhibited significantly the uptake of glucose and fructose but did not substantially inhibit sucrose into lower epidermis leaf discs of pea.
The objective of the present study was to investigate, in an in vitro system of grapefruit juice-sac cells: (a) the mode of sucrose, glucose, and fructose uptake, as well as their metabolism as expressed by CO 2 evolution; and (b) to determine, with CCCP and NaN 3 , whether sucrose, glucose and fructose uptake into the juice-sac slices is an active or passive process. The results indicate that sucrose, glucose and fructose enter Citrus juice sac cells by a process that is not saturable, and is a µH + -independent process. The uptake of all studied sugars was affected by metabolic inhibitors. Furthermore, externally supplied hexoses are metabolised at higher rates than sucrose, which appears to be transported into the cell without prior inversion.
Materials and methods

Plant material
Mature Citrus fruits were obtained from 16-year-old grapefruit trees (Citrus paradisi Macf. cv. 'Marsh seedless') grafted on 'Troyer citrange' [Citrus sinensis (L.) Osbeck × Poncirus trifoliata (L.)] rootstocks grown at the experimental farm at the Faculty of Agriculture, The Hebrew University of Jerusalem, Rehovot, on sandy loam soil. Experiments were conducted between mid-November and mid-April. Fruit were brought immediately to the laboratory. At every sampling date during the maturity season (mid-December-March), fruits were picked from four trees. The fruits were peeled and the endocarp, containing the juice sacs, used for experiments. The locular membranes were carefully removed and segments were randomly selected from each fruit. Slices (2-3 mm thick, 8-10 mm wide) from each segment, and containing the juice cells, were used as experimental material. A replicate consisted of four juicesac slices, each from a different tree. The data are shown as means of six replicates in duplicate experiments (Fig. 1I) .
Preparation of the incubation medium
The incubation medium had to be experimentally developed to ensure a stable pH (the natural pH of the grapefruit fruit juice is ∼2.9-3.2), to avoid side effects caused by osmotic changes when incubating the juice-sac slices for the sugar uptake experiments. Molality of the crude grapefruit juice-sac homogenate was measured by an osmometer and was found to be ∼500 mosmol. Given the high acid content by the acid, released through the open cut surfaces of juice sacs (1.8-2.0%), and the need to maintain 500 mosmol of the incubation medium, pre-incubation ]-sugar uptake and determination of 14 CO 2 evolution. I. Grapefruit fruit (A) was peeled (B), the locular membranes were removed (C), and the segments were cut longitudinal from top and bottom (D). Six slices (2-3 mm thick, 8-10 mm wide) were cut from each segment (E), and each one of the slices (F) was transferred into a 25-mL Erlenmeyer flask containing the pre-incubation buffer. Each treatment consisted of six such replicates. II. The flasks, containing four slices from four different fruits, were gently agitated and the juice-sac slices were washed three times (5 min each washing). III. The pre-incubation buffer was replaced by the same buffer containing antibiotics, labelled and unlabelled sugar and ± inhibitor. The juice sacs slices were incubated for the required time. IVa. After incubation, the juice-sac slices were transferred into new Erlenmeyer flasks, washed with ice-cold pre-incubation buffer and extracted for [
14 C]-sugar uptake. IVb. The Erlenmeyer flask, containing only the incubation buffer, was re-sealed with the same serum stopper (including the inserted needle holding the filter paper discs), and the buffer was acidified with 20 mL H 2 SO 4 (12 N) to release all 14 CO 2 trapped in the incubation buffer.
buffer included: 250 mM MES buffer (pH 5.6); 150 mM of mannitol; and 50 mM CaCl 2 , to maintain the integrity of the juice sac cell membranes.
Procedure for the sugar uptake experiments
Juice sacs (190-230 mg for each replicate) were separately preincubated in 25-mL Erlenmeyer flasks containing 5 mL of preincubation buffer. The flasks were gently agitated for 5 min; the buffer was removed by mild vacuum pressure and replaced with a fresh 5 mL of the same buffer. The flasks were then gently agitated again for an additional 5 min (Fig. 1II ). After the third wash, the pre-incubation buffer was removed and replaced with 5 mL of similar buffer (pH 5.6) containing ampicillin, neomycin, mycostatin to avoid microbiological contamination (20 µg mL −1 each), 0. ). When required, carbonylcyanide m-chlorophenylhydrazone (CCCP), or sodium azide (NaN 3 ) was added into the incubation media at the beginning of the experiment. The flasks were than agitated in a water bath shaker at 25
• C in the dark for the required time (Fig. 1III) .
To determine whether wound ethylene, as well as ethylene due to mannitol in the medium (Riov and Yang 1982) interfered with the results, juice-sac slices were incubated in the incubation medium for 3.5 h and were simultaneously exposed to 10 µL L −1 ethylene. The results showed that 10 µL L −1 ethylene did not interfere with the measurements of 14 CO 2 evolution during the incubation time period (data not shown).
Determination of 14 CO 2 evolution
In order to determine the 14 CO 2 evolution, a sealed needle was inserted through a rubber serum stopper to which three Whatman No. 1 (Whatman, Kent, UK) filter paper discs (9 mm in diameter) were attached. The filter paper was saturated with 25 µL soluene-350 as a 14 CO 2 trap and sealed into each flask (Fig. 1IVb) . At the end of the incubation period, as described above, the serum stopper with the inserted needle holding the filter paper discs was removed. The incubation buffer (containing 14 CO 2 in the form of H 14 2 CO 3 ), without the juice-sac sections, was transferred into a new 25-mL flask and resealed with the same serum stopper. Aliquots (2 mL) of 12 N H 2 SO 4 were injected through the attached needle into the incubation solution. The needle was immediately re-sealed and the flasks incubated for 30 min in a water-bath shaker at 25
• C in the dark. Following this second incubation, the filter paper discs were transferred into a 20-mL scintillation vial containing 10 mL of scintillation solution (Ultima gold, Packard BioScience, Meriden, CT). The vials were shaken for a minimum of 3 h before the trapped 14 CO 2 was determined by scintillation spectroscopy (Fig. 1IVb) . The original Erlenmeyer flasks containing the juice sacs without the incubation media, were kept for 1-2 min on ice for further analysis of [ 14 C]-sugars uptake. The data of 14 CO 2 evolution were calculated and presented in the figures as nmol.
Determination of [ 14 C]-sugar uptake into the juice cells
It was necessary to establish a procedure that would remove [ 14 C]-sugars from the surface of the juice-sac slices and from the cellular free space (apoplast) in order to enable the analysis of only the content of the [ 14 C]-sugars that were taken up by the cells (the cytosol). Figure 2 shows the amount of sugars remaining in juice-sac cell preparations after each of four successive washings with 10 mL of the sugar free buffer for 15-30 s. The tissue had been previously incubated for 3.5 h in either 10 mM (Fig. 2A) or 320 mM unlabelled sucrose (Fig. 2B) , into which the labelled sugars were added at the beginning of the incubation period. Based on these data, the juice-sac slices were routinely washed three times before the extraction of the labelled sugars that were taken up by the cytosol. After collecting the third washing buffer, the remaining juice sac slices were extracted with 10 mL of 100% ethanol by grinding with a mortar and pestle (Fig. 1IVa) . The mortar and pestle were rinsed with additional 5 mL of 100% ethanol and combined with the extraction solution. The combined solutions were incubated in 50-mL flasks for 30 min in an ice bath and shaken for a few seconds every 5 min. The solutions were then filtered through Miracloth and centrifuged (10 min, 10 000 g, 4
• C, Sorvall RC-5C plus). Aliquots (0.5 mL) of the supernatant were transferred into scintillation vials for the determination of total radioactivity uptake by the juice sacs (Fig. 1IVa) . Care was taken that each replicate, out of the six replicates for each sugar at each time, was incubated for the same period of time to enable calculation of the average value for each measurement. Sugar uptake and 14 CO 2 accumulation are reported as nmol, based on the specific activity of the 14 C-labelled sugars.
Results
Sugar uptake and CO 2 evolution
In grapefruit, storage of sucrose and hexoses in the juice cells occurs at accelerated rates during the last stages of fruit development (Purvis and Yelenosky 1983) . In the present study, the capacity of the juice-sac slices to take up [ 14 C]-sucrose, as well as [ 14 C]-fructose and [ 14 C]-glucose, and their metabolic decarboxylation to 14 CO 2 during these developmental stages was investigated. Figure 3A -C shows that uptake rates for both glucose and fructose, during the early maturity period (mid December through to the beginning of February) were significantly higher than that of sucrose. Similar uptake results were reported for Prunus persico fruit tissue (Vizzotto et al. 1996) from an external solution of 0.5 mM sucrose. Both hexoses had an initial uptake peak around December and a second uptake peak in February-March. From March through to April, the rates of sucrose uptake increased to levels comparable to those of glucose and fructose.
The utilisation of sugars in mature Citrus fruits, as expressed by CO 2 evolution, was relatively low (compare especially Fig. 3C with Fig. 3A, B) , probably as a result of low respiratory rates (Aharoni 1968; Koch and Avingne 1990). The rates of CO 2 evolution were significantly higher with glucose as a substrate, while comparatively little CO 2 was produced when juice-sac slices were supplied with either fructose or sucrose (Fig. 3B, C) .
The time-course analyses of sugar uptake by juice-sac slice, harvested between December and January (Fig. 4A) indicated that glucose accumulation was significantly higher than that of fructose and sucrose. Uptake of sucrose and fructose levelled off after ∼6 h, while glucose accumulation was biphasic, with a second uptake phase starting after 18 h of incubation. Evolution of 14 CO 2 was similar during the first 4-6 h for all three sugars (Fig. 4B) . In parallel to sugar uptake, 14 CO 2 evolution from fructose and sucrose reached a steady state by 6 h of incubation, but that for glucose continued to rise up to 42 h of incubation.
Juice-sac sections were incubated with increasing sugar concentrations for 4.5 h (close to the initial plateau level). Over the entire range of the concentrations from 0.5 to 320 mM, uptake of the radiolabel sugars into the cytosol remained constant (decreasing specific activity as concentration of the unlabelled sugars in the media increased). The horizontal regression lines (Fig. 5A) indicate a linear increase in uptake, suggesting that transport is not saturable, and hence, perhaps, not carrier-mediated. If transport is carrier-mediated, the affinity of carrier for sugars must be quite low, given that linearity was maintained up to 320 mM external sugar. Figure 5A shows the results for glucose, fructose, and sucrose accumulation by juice sacs from fruit collected in March. Similar results were found for glucose and fructose in fruits collected during mid-December (data not shown). The fact that 14 CO 2 evolution was also linear (Fig. 5B ) supports the interpretation that sugar entry into the juice sacs is insaturable.
Effects of NaN 3 and CCCP on sugar uptake and CO 2 evolution
To determine whether sugar uptake into Citrus juice cells is energy dependent, sugar uptake from a 100 mM solution was studied in the presence of metabolic inhibitors in the incubation medium for 4 h. The effect of NaN 3 was studied (Fig. 6 ) in an attempt to confirm whether sugars, and especially sucrose, might serve as energy source in addition to the organic acids. At a concentration of 0.01 mM NaN 3 , a statistically significant decrease of sucrose uptake was observed (Fig. 6) . When the juice-sac slices were treated with either glucose or fructose in the presence of NaN 3 , a slight but significant decrease of their uptake was recorded up to the concentration of 0.05 mM. At higher concentrations of NaN 3 , fructose uptake continued to decrease while glucose Fig. 6 . Effect of NaN 3 concentrations on the rates of sugar uptake (A) and CO 2 production (B). Experimental details as in Fig. 3 , except that fruits were picked during December and January, and incubated for 4 h with 100 mM unlabelled sugars. Solid lines are fit to polynomial curves of second-or third-order. * Represent level of significance of difference between sugar uptake in control and treatment by t-test (*, P<0.05; **, P<0.001; ***, P<0.0001). Values are means ± SE of six replicates. uptake increased even above the level of the untreated control (Fig. 6A) . However, evolution of CO 2 was markedly reduced by all the concentrations of NaN 3 with the all three sugars as substrates (Fig. 6B) .
The effect of the metabolic uncoupler, CCCP, was similar to that of NaN 3 (Fig. 7) . Hexoses and sucrose uptake was significantly reduced by CCCP. Sucrose and fructose uptakes decreased slightly but significantly by 0.01 mM of CCCP and levelled off at higher concentrations of the uncoupler. The uptake of glucose continued to decrease also in the presence of 1.0 mM of CCCP followed by an increase in uptake when treated with 10 mM of CCCP (Fig. 7A) . CO 2 evolution in size. In contrast, under similar conditions, 14 CO 2 evolution from all three labelled substances was strongly inhibited in the presence of CCCP (Fig. 8B) . In the absence of CCCP, the level of CO 2 evolution was much higher, when [ 14 C]-glucose was used as substrate, than when the label was in the asymmetrically labelled sucrose.
Discussion
Our results indicate that in juice sacs from mature grapefruit fruit the uptake of sucrose into the cells is insaturable in vitro. Garcia-Luis et al. (1991) also reported that in albedo (the white portion of the peel) and juice sacs of developing 'Satsuma' mandarin sucrose uptake was insaturable up to 300 mM The authors concluded that the uptake was almost entirely metabolically independent, and thus passive, or that the metabolic inhibitors p-chloromercuribenzene sulphonic acid (PCMBS), dinitrophenol (DNP), erythrosine and vanadate were unable to reach the site of any active accumulation. In contrast, the uptake of sucrose moieties, fructose and glucose, into the juice sacs of grapefruit fruit were insaturable, and occur mostly by a µH + -independent process, which was affected by metabolic inhibitors. (Figs 6A, 7A, 8A) . The insaturable nature is in agreement with an endocytosis uptake mechanism recently described for 'sycamore'-cultured cells (Etxeberria et al. 2005a ) and for 'Murcott' mandarin juice cells (Etxeberria et al. 2005b ).
The uncoupler CCCP, which, at similar concentrations de-energises electrogenic sugar transport in numerous plant systems (Getz 1991; Echeverria et al. 1997) , reduced sugar uptake by the juice cells slightly but significantly, (Figs 6A, 7A, 8A ). Inhibitors such as NaN 3 , had been reported to reduce sugar uptake in cell suspensions of sugarcane (Maretzki and Thom 1972) and to reduce respiration in Avena fatua seeds (Tilsner and Upadhyaya 1989) . In Araucaria araucana, it was suggested that the inhibition of sucrose uptake induced by NaN 3 and other metabolic inhibitors indicates that energy dependent mechanisms are involved (directly or indirectly) in sucrose transport (Lozada and Cardemil 1990) . Sucrose uptake by sugar beet and sugarcane cells from solutions containing CCCP was not affected by the uncoupler and was concluded to occur by facilitated diffusion (Saftner and Wyse 1980; Wyse et al. 1986; Thom and Maretzki 1992) , while uptake of sugars by pecan tissue in the presence of CCCP was considered to be non-carrier-mediated (Wood 1987) . Regen and Tarpley (1974) showed that CCCP partly inhibited both glucose and fructose uptake in peach tissue. Our results (Figs 6A, 7A, 8A) showed a slight but significant reduction in sucrose uptake, when treated with either NaN 3 or CCCP (0.01 mM), suggesting some evidence for an active transport system of sucrose into the juice-sac cells. Figure 8A suggests that sucrose is taken up as an intact molecule, since the uptake of asymmetrically labelled sucrose-[ 14 C]-glucose is much less than with labelled [ 14 C]-glucose alone. This shows that sucrose is not inverted during the uptake process (Koch and Avingne 1990) , as also reflected by the difference in CO 2 evolution by the two sugars (Fig. 4) . Had sucrose-[ 14 C]-glucose or [ 14 C]-sucrose been inverted, it was expected that the liberated CO 2 from the sucrose moieties would be similar (even higher) to levels obtained when [ 14 C]-glucose alone was supplied. Moreover, the CO 2 evolution that accompanied sugar uptake suggests they accumulate in the vacuole (Garcia-Luis et al. 1991; Miron et al. 2002) , as earlier implied by results of Koch and Avingne (1990) , and determined for sugar beet root (Giaquinta 1977; Wyse 1979) , leaf tissue of pecan (Wood 1987) and sugarcane (Thom and Maretzki 1992) . The fact that sucrose uptake levelled off after 6 h is also an indication that there is no symplastic sucrose hydrolysis before sucrose uptake. If there was sucrose inversion in the symplast of the juice cells, the resulting glucose would have entered the juice cells, resulting in a continuous accumulation as with [ 14 C]-glucose (Fig. 4A) . This result is supported by the finding that enzyme activities, like those of sucrose synthase and of acid invertase, that are reported to be high in the juice sacs of grapefruit during early fruit development, decline markedly during the phase of fruit expansion (Lowell et al. 1989) . Uptake and metabolism of glucose does not appear to be highly regulated, both processes continuing unabated over the 42 h of incubation. However, the continuous uptake and utilisation of glucose that was observed in our experiments (Fig. 4A ) may be passive. This is in agreement with Koch and Avingne (1990) , since in vivo, sugars arrived into the juice-sac cells as mostly as sucrose, with very little prior inversion as explained above.
A portion of each of these sugars is metabolised to CO 2 in a process that is strongly affected by NaN 3 and CCCP (Figs. 6A, 7A, 8A ). The data further indicate that, at least partially, CO 2 originated from the TCA cycle as previously reported (Goren et al. 2000) after the inversion of sucrose. This is also in agreement with the conclusion of Murata (1977) , who reported that 50% of the radioactivity of injected [ 14 C]-citrate was found in the respired 14 CO 2 of citrus fruit. The possibility that some of CO 2 originates from other metabolic sources, such as amino acids (Murata 1977) , the γ -aminobutyric acid pathway (Popova et al. 1995) , the pentose phosphate pathway, or the anaerobic conversion of citric acid to ethanol (Davis et al. 1973; Purvis and Yelenosky 1983 ) cannot be ignored. In addition, the data also demonstrated that sucrose serves as a respiratory substrate in mature Citrus juice-sac cells and establishes a preference for glucose as carbon source, as also previously shown (Goren et al. 2000) . This explains the consistently higher level of fructose in Citrus fruits after internal inversion in the vacuole (Echeverria and Burns 1989) .
